Introduction
Xenotransplantation into immunodeficient mice such as nonobese diabetic/severe combined immunodeficient (NOD/SCID) mice or NOD.Cg-Prkdc scid Il2rg tm1Wjl /SzJ (NOD/SCID/gc 2/2 or NSG) mice has been a gold standard assay for measuring human hematopoietic stem cells (HSCs) in vivo. 1 To improve human HSC engraftment in immunodeficient mice, several modifications of the transplantation protocol have been made to further deplete the remaining innate immunity of the animals. [2] [3] [4] In our study, we observed that NOD/SCID mice have significantly higher levels of reactive oxygen species (ROS) in bone marrow (BM) cells than other commonly used mouse strains. Given the previous studies from our laboratory 5, 6 and others [7] [8] [9] showing that excessive ROS impaired the function of HSCs and that antioxidants were able to overcome the exhaustion of mouse HSCs in transplant recipients, we hypothesized that poor engraftment of HSCs in NOD/SCID mice could be partially attributed to higher levels of ROS in NOD/SCID BM. We used the antioxidant N-acetyl-Lcysteine (NAC) to reduce ROS levels in the NOD/SCID BM and demonstrated significant enhancement of the human cell engraftment. Therefore, lowering the levels of ROS may serve as an effective strategy to further improve the repopulation of human HSCs in NOD/SCID or other types of immunodeficient mice.
Methods

Human cord blood processing
Human cord blood (CB) samples were obtained from Tianjin Obstetric Central Hospital (Tianjin, China), under a protocol approved by the Ethical Committee on Medical Research at the Institute of Hematology. Research was conducted in accordance with the Declaration of Helsinki, with patient informed consent. Mononuclear cells were separated by Ficoll-Hypaque density gradient centrifugation. CD34
1 and lineage-negative cells were enriched by using a CD34 1 microbead kit and a lineage cell depletion kit following the manufacturer's protocols (Miltenyi Biotec). Cells were stored in liquid nitrogen until use.
Xenotransplantation
Female NOD/SCID and NSG mice were purchased from the Institute of Laboratory Animals, Chinese Academy of Medical Sciences (Beijing, China) and the Jackson Laboratory (Bar Harbor, ME), respectively, and were housed in a specific-pathogen-free facility. The online version of this article contains a data supplement.
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Statistical analysis
The data are presented as the mean 6 standard error of the mean and graphed by using Prism 5.0 software (La Jolla, CA). LDA was performed by using L-Calc software (Stem Cell Technologies). Unpaired Student t test was used to generate P values for most of the data sets.
Results and discussion
NOD/SCID mice have been widely used as a model for the enumeration of human hematopoietic repopulating cells. 10 However, the For personal use only. on July 9, 2017. by guest www.bloodjournal.org From engraftment of human hematopoietic cells in NOD/SCID mice is quite low, and NOD/SCID mice are not as efficient as NOD/ Lt-scid/IL2Rg null (NSG) or NOD/Shi-scid/IL2Rg null (NOG) mice as recipients for reconstituting human HSCs because of the different immunodeficiencies among these strains. 11 In this study, we detected a significant accumulation of ROS in NOD/SCID mice compared with age-matched C57BL/6 and BALB/C mice ( Figure 1A ). When we administered NAC into NOD/SCID mice, we observed a significant decrease of ROS ( Figure 1B) . Serial dilutions of CD34 1 CB cells were transplanted intravenously into NOD/SCID mice, and NAC treatment significantly increased human hematopoietic cell engraftment in the BM, especially at limiting cell doses ( Figure 1C-E) . In particular, when 10 5 cells were transplanted, NAC-treated recipients had a significantly higher level of CD34 1 CD38 -cell engraftment than the control mice ( Figure 1F ).
When human hematopoietic cell engraftment in the spleen was evaluated, the results were similar to those in the BM (Figure 1G -H). NAC treatment had no effect on the immunophenotype of the engrafting human cells ( Figure 1I) . To determine the self-renewal capacity of primary human hematopoietic cells, we performed secondary transplantation. Consistent with previous studies, 12 the secondary recipients showed low levels of engraftment (supplemental Figure 1A -C available at the Blood Web site). Human cells derived from the primary mice that were treated with NAC generated higher levels of secondary engraftment than the untreated mice (supplemental Figure 1C) . Engrafting human cells from 4 (36%) of 11 control mice and 9 (82%) of 11 NAC-treated primary recipient mice were able to engraft in untreated secondary recipients (supplemental Figure 1D) . There was no difference in the lineage differentiation of the engrafting human cells in the secondary recipients (supplemental Figure 1E) . These results suggested that NAC treatment of the primary recipients enhanced self-renewal of human HSCs and, as a result, gave rise to superior engraftment during secondary transplantation.
The functional SCID repopulation cell (SRC) assay is a quantitative measure of human HSC engraftment. We performed LDA by directly injecting human CD34
1 CB cells into the right tibiae of the NOD/SCID mice. The SRC frequency in the injected tibiae (right tibiae) was approximately 3.1-fold higher in NAC-treated mice than in the control recipients (supplemental Figure 2A ,D-E and supplemental Table 1 ). Similar increases in repopulation were detected in the noninjected bones (BM, left tibiae, 2 femurs) and spleen (supplemental Figure 2B-F) .
To ascertain whether the effects of NAC treatment occurred in other immunodeficient mouse strains, we examined engraftment in NSG mice, which are more receptive to human HSCs engraftment than NOD/SCID mice, mainly because of the lack of natural killer cells in NSG mice. When 10 000 human CB CD34 1 cells were transplanted into NSG mice by intratibial injection, NAC-treated recipients had 1.7-, 2.6-, and 3.5-fold higher mean engraftment in the injected tibiae, BM, and spleen, respectively (supplemental Figure 3) . These increases were lower than those observed in the NOD/SCID For personal use only. on July 9, 2017. by guest www.bloodjournal.org From model (3.1-, 3.9-, and 9.4-fold increases in the injected tibiae, BM, and spleen, respectively) (supplemental Figure 3C-D) . Noticeably, despite NAC treatment, the engraftment level of NAC-treated NOD/ SCID mice was significantly lower than that in untreated NSG mice (injected tibiae: 14.8 6 3.1 with NAC treatment compared with 43.1 6 21.8 for untreated mice; supplemental Figures 2A and 3B) .
The effects of NAC treatment on highly purified human HSCs were also examined.
CD49f
1 Rho low HSCs 13 from human CB were transplanted into NOD/SCID mice at limiting doses (10 to 100 cells). At a dose of 10 HSCs, NAC treatment of recipient mice significantly increased engraftment in both the injected and noninjected bones, as well as in the spleen, compared with the control mice (Figure 2A-C) , with fold increases of 10.8, 34, and 22, respectively ( Figure 2D-F) . SRC frequency, as enumerated in the injected tibiae, was approximately 1.4-fold higher in the NAC-treated NOD/SCID mice than in the control animals ( Figure 2G -H and supplemental Table 2 ). There was no difference in multilineage differentiation of the engrafted cells between the intratibial or intravenous routes of transplantation ( Figure 2I) .
Recently, it has been reported that a single, long-term human HSC can sustain life-long hematopoiesis in an NSG mouse. 13 We isolated Lin
CB cells and transplanted a single cell into NOD/SCID mice. In our first and second experiments, the levels of engraftment were too low to isolate engrafted human cells (supplemental Figure 4A -B and supplemental Table 3 ). However, in the third experiment, significant engraftments (supplemental Figure 4C ) were observed in 2 (4.4%) of 45 control mice and 4 (12.5%) of 32 NAC-treated recipients (supplemental Table 3 ), of which engrafted cells from 1 of the 2 control mice and 3 of the 4 NAC-treated mice were able to engraft in secondary recipients (supplemental Figure 4C ). These data supported the conclusion that NAC-treated recipients exhibited superior self-renewal of human HSCs at the single-cell level.
HSCs are believed to grow in low oxygen milieu, and hypoxia plays a crucial role in regulating HSC functions. 9 We evaluated the ROS levels in both the recipient BM cells and the engrafted human cells at 12 weeks after transplantation. The ROS levels in the mouse BM cells of NAC-treated recipients were significantly lower than in the control mice (supplemental Figure 5A) . However, to our surprise, the ROS levels in the engrafting human cells showed only a slight reduction upon NAC treatment (supplemental Figure 5B) . Therefore, NAC might increase human engraftment primarily by improving the recipient BM niche, thereby providing a better microenvironment for the survival and function of transplanted human cells.
NAC treatment of the recipient animals resulted in a higher fraction of Ki67-negative engrafted human HSCs (CD34 1 CD38 -fraction), suggesting that they are more quiescent in the cell cycle (supplemental Figure 5C -D).
In conclusion, this study showed that ROS accumulated in NOD/ SCID mice and that scavenging excessive ROS with NAC enhanced human HSC engraftment in the recipients, thereby providing a new strategy for improving the efficiency of human cell transplantation in immunodeficient rodent models. As many hematological disorders with immunodeficiencies, especially following preconditioning with total body irradiation or cytotoxic agents, may result in high levels of ROS, our study also implies a potential value of some antioxidants in HSC transplantation for patients.
